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BAL, bronchoalveolar lavage 
CFU, colony forming unit 
HIV, human immunodeficiency virus 
HLA, human leukocyte antigen 
IFN, interferon-gamma 
IL, interleukin 
iNOS, inducible NO synthase  
MOI, multiplicity of infection 
MAC, Mycobacterium avium complex 
NTM, nontuberculous mycobacteria  
NO, nitric oxide 
SNAP, S-nitroso-N-acetylpenicillamine 
T-bet, T-box expressed in T cells 
T-bet
-/-
 mice, T-bet knockout mice  
T-bet
tg/tg
 mice, T-bet-overexpressing transgenic mice  
Th, helper T 
Th1, type 1 helper T 
Th2, type 2 helper T 
Th17, type 17 helper T 
Treg, regulatory T cells 
TNF-, tumor necrosis factor- 



































る 10。IL-12 は Th1細胞分化を誘導するサイトカインで、自然免疫と獲得免疫の橋渡し
を担っている 10,11。また、IFN-はマクロファージ、樹状細胞上の IFN-受容体を介し、こ
























 ナイーヴ CD4 陽性 T 細胞は抗原や微生物の曝露により、それぞれの特異的な転写因






























肺MAC症患者由来MAC菌株、M. avium subsp. Hominissuis(国立病院機構東名古屋病院





究者より供与された 28。同マウスをBalb/c マウスで 8代にわたり戻し交配し、Balb/c 
T-bet


































胞からRNeasy kit（Qiagen）を用いて total RNAを抽出し、High Capacity cDNA Reverse 
Transcription Kit（Applied Biosystems）を用いて逆転写を行い cDNAを作成した。リアル





感染 2か月後の肺組織を摘出、細切後、75 U/mlのコラゲナーゼ (type 1; Sigma) 添加
10%FBS-RPMI1640溶液に 37°C、90分間浸漬した。分離された細胞を 20-mのナイロ
ンメッシュで分離後、25 ng/ml PMA (Sigma), 1 µg/ml ionomycin (Sigma), 組み換え型マウ
ス IL-2 (Peprotech), および 10 µg/ml brefeldin A (Epicentre)溶液で 37°C、4時間処理した。
細胞を抗CD4抗体(Biolegend）、抗TCR抗体(Biolegend)で染色、固定後、IntraPrep 
permeabilization reagent (Beckman Coulter)を用いて膜透過処理を行った 29。更に細胞を抗








抗CD4 モノクローナル抗体を用いたMACS system（Miltenyi Biotec）によりCD4陽性T
細胞を単離した。24穴培養プレート中で（2 x 105 cells/well）同細胞をT cell activation kit 
(Miltenyi Biotec)により 24時間刺激後、培養上清中の IFN-γ, IL-4, IL-17各濃度をそれぞれ




















体 (Miltenyi Biotec)を用いたMACS systemでCD11c陽性樹状細胞を単離した。樹状細胞
 12 










CFU /well で 72 時間感染させた。感染後、培養上清のサイトカイン濃度をELISA 
kitで測定するとともに、培養細胞の遺伝子発現レベルをリアルタイム定量RT-PCR法で
測定した。実験には各群 4匹のマウスを用いた。2回繰り返し、再現性を確認した。 













-/- マウスに対し、MAC感染 から 1ヶ月の間、900μgのウサギ由来抗 IL-17 ポリク
ローナル抗体（ミシガン大学、Pam Lincoln博士およびSteven L. Kunkel博士より供与） を、








析し、log-rank testで検定を行った。統計解析ソフトはStatistical Package for Social Science 














































































































MAC感染後のT-bet-/- マウスで IL-17の産生が亢進していたことより、T-bet-/- マウスの

































































































































































Table 1.  Primers used for RT-PCR 
                                                                              
Primer target   Sequence                                        
                                                                              
GAPDH   5’-CCGCATCTTCTTGTGCAGTG-3’ (forward),  
5’-CGTTGATGGCAACAATCTCC-3’ (reverse)  
 
IFN-   5’-CACGGCACAGTCATTGAAAG-3’ (forward), 
5’-TCTGGCTCTGCAGGATTTTC-3’ (reverse) 
 
IL-17       5’-AAAGCTCAGCGTGTCCAAAC-3’ (forward), 
5’-TGGAACGGTTGAGGTAGTCTG-3’ (reverse) 
 
IL-4   5’- ACGGAGATGGATGTGCCAAAC-3’ (forward),  
   5’- AGCACCTTGGAAGCCCTACAGA-3’ (reverse) 
 
IL-6    5’-TAGTCCTTCCTACCCCAATTTCC-3’ (forward), 
5’-TTGGTCCTTAGCCACTCCTTC-3’ (reverse) 
 
IL-10            5’- GCTCTTACTGACTGGCATGAG-3’ (forward), 
5’- CGCAGCTCTAGGAGCATGTG-3’ (reverse) 
 
iNOS    5’- CCGAAGCAAACATCACATTCA -3’ (forward), 
5’- GGTCTAAAGGCTCCGGGCT -3’ (reverse) 
 
IL-12   5’- CTGTGCCTTGGTAGCATCTATG -3’ (forward), 
5’- GCAGAGTCTCGCCATTATGATTC -3’ (reverse) 
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IL-23   5’- ATGCTGGATTGCAGAGCAGTA -3’ (forward), 
5’- ACGGGGCACATTATTTTTAGTCT -3’ (reverse) 
 
TNF-    5’-CCCTCACACTCAGATCATCTTCT-3’ (forward), 
5’-GCTACGACGTGGGCTACAG-3’ (reverse) 
 
TGF-   5’- GTGTGGAGCAACATGTGGAACTCTA-3’ (forward), 
5’- CGCTGAATCGAAAGCCCTGTA-3’ (reverse) 
 
T-bet   5’-AGCAAGGACGGCGAATGTT-3’ (forward), 
5’-GGGTGGACATATAAGCGGTTC-3’ (reverse) 
 
RORt    5’-TGAGGCCATTCAGTATGTGG-3’ (forward), 
5’-CTTCCATTGCTCCTGCTTTC-3’ (reverse) 
 
GATA-3   5’-GGAAACTCCGTCAGGGCTA-3’ (forward), 
5’-AGAGATCCGTGCAGCAGAG-3’ (reverse) 
 
Foxp3   5’-CCTGCCTTGGTACATTCGTG-3’ (forward), 
5’-TGTTGTGGGTGAGTGCTTTG-3’ (reverse)              












 mice after 
intratracheal inoculation of 1x10
7 
CFU of MAC or saline (n=20 in each group). (B) Representative 
photographs of Ziehl-Neelsen staining of lungs (x200), and (C) mycobacteria outgrowth in the lung, spleen, 




 mice 2 months after intratracheal inoculation of 1 × 10
7 
CFU of 
MAC. The results are expressed as CFU per organ. The experiments were performed in duplicate with eight 
mice in each group. *Significant difference between T-bet
-/-
 mice and other groups after MAC infection 
(p<0.05). Data are expressed as the mean ± SEM.  
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MAC-induced pulmonary inflammation is enhanced in T-bet-/- mice. (A) Representative microphotographs 




 mice 2 months after intratracheal inoculation of 1x10
7 
CFU 
of MAC or saline (Cont) (x200). (B) The number of total cells, neutrophils, macrophages, and lymphocytes 




 mice 2 months after intratracheal 
inoculation of 1x10
7 
CFU of MAC or saline (Cont). All experiments were performed in duplicate with four 
mice in each group. *Significant difference between T-bet
-/-
 mice and other groups following MAC infection 
(p<0.05). #Significant difference between T-bet
tg/tg
 mice and other groups after MAC infection (p<0.05). 





Pulmonary cytokine expression is regulated by T-bet following MAC infection. (A) The expression of 
IFN-, iNOS, TNF-, IL-4, IL-17, IL-6, and IL-10 in the lung of wild-type, T-bet-/-, and T-bettg/tg mice 2 
months after intratracheal inoculation of 1x10
7 
CFU of MAC (solid bars). Control mice were administered 
saline (open bars). (B) The proportion of IFN--producing cells (left panel) or IL-17-producing cells (right 




 mice 2 mo after 
intratracheal inoculation of 1x10
7 
CFU of MAC or saline (Cont). Experiments were performed in duplicate 
with four mice in each group. *Significant difference between T-bet
-/-
 mice and other groups after MAC 
infection (p<0.05). #Significant difference between T-bet
tg/tg
 mice and other groups after MAC infection 
(p<0.05). Data are expressed as the mean ± SEM.  
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Th1/Th17 cell differentiation is regulated by T-bet following MAC infection. (A) The expression of T-bet, 
RORγt, GATA-3, and Foxp3 in CD4-positive splenocytes. (B) Production of IFN-, IL-4, and IL-17 in 




 mice after intratracheal 
inoculation of MAC or saline following stimulation with bead-bound anti-CD3 and anti-CD28 antibodies 
for 24 h. Experiments were performed in duplicate with four mice in each group. *Significant difference 
between T-bet
-/-
 mice and other groups after MAC infection (p < 0.05). #Significant difference between 
T-bet
tg/tg






IFN-supplementation decreases mycobacterium growth. (A) Mycobacterial outgrowth in the lung, spleen, 
and liver of T-bet
-/-
 mice 2 months following MAC infection and treatment with 10μg IFN- or PBS 
(vehicle) 3 times a week. *Significant difference between IFN- and vehicle treatments (p<0.05). (B) The 
number of total cells, macrophages, neutrophils, and lymphocytes in bronchoalveolar lavage fluid of T-bet
-/-
 
mice 2 months following MAC infection and treatment with 10μg IFN- or PBS (vehicle) 3 times a week. 









Treatment with anti-IL-17 antibody decreases MAC-induced pulmonary inflammation. (A) Mycobacteria 
outgrowth in the lung, spleen, and liver of T-bet
-/-
 mice. (B) The number of total cells, macrophages, 
neutrophils, and lymphocytes in BAL fluid of T-bet
-/-
 mice. Data obtained after 1 month of MAC infection 
and treatment with an anti-IL-17 antibody or isotype control antibody (vehicle) 3 times a week. Experiments 
were performed in duplicate with four mice in each group. *Significant difference between anti-IL-17 















T-bet does not affect intrinsic ability of macrophages and dendritic cells. (A) Mycobacterial growth in 




 mice incubated with MAC in the 
absence (vehicle) or presence of IFN-. Data are expressed as the means ± SEM (n =8). (B-C) The 
expression of IL-6, IL-12, IL-23, and TGF- in cultured dendritic cells (B) and cultured macrophages (C) 




 mice, following exposure to MAC or saline. All experiments 
were performed in duplicate with four mice in each group. Data are expressed as the means ± SEM. 
*Significant difference between MAC- and vehicle-treated groups (p<0.05).   
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NO suppresses Th17 cell differentiation by MAC exposure. (A) Concentration of IFN- and IL-17 in the 





 mice with or without exposure to MAC. All experiments were 
performed in duplicate with four mice in each group. *Significant difference between MAC- and 
vehicle-treated groups (p<0.05). 
#
Significant difference from other genotypes (p<0.05). Data are expressed 
as the means ± SEM. (B) The expression of iNOS in the co-culture cells with or without exposure to MAC. 
All experiments were performed in duplicate with four mice in each group. *Significant difference between 
MAC- and vehicle-treated groups (p<0.05). 
#
Significant difference from other genotypes (p<0.05). Data are 
expressed as the means ± SEM. (C) Concentration of IL-17 in the co-culture media of wild-type dendritic 
cells and CD4-positive cells from indicated genotypes with or without exposure to MAC in the presence or 
absence of 200 μM SNAP for 72 hours. All experiments were performed in duplicate with four mice in each 
group. *Significant difference between MAC- and vehicle-treated groups (p<0.05). 
#
Significant difference 
from other genotypes (p<0.05). 
†
Significant difference between SNAP-treated and SNAP-untreated groups 




Schematic presentation of the role of Th1/Th17 balance regulated by T-bet following MAC infection. 
Antigen-presenting cells (APC), such as macrophages and dendritic cells, can produce both Th1- and 
Th17-directing cytokines T-bet-independently by stimulation with MAC. (A) When T-bet is expressed in helper T 
cells, T-bet enhances host mycobactericidal activities by promoting Th1 cell differentiation and IFN- production, 
followed by NO production. T-bet also supresses aberrant inflammatory cell recruitment by controlling Th17 cell 
differentiation directly or indirectly by NO production. (B) If T-bet is not expressed in helper T cells, naïve T cells 
can not differentiate to Th1 cells but easily differentiate to Th17 cells. Reduced Th1 responses increase 
susceptibility to systemic MAC infection, and Th17 development causes excessive neutrophilic pulmonary 
inflammation. Thus, fine balance between Th1 and Th17 responses, maintained by T-bet, is critical to determine 
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